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WUT Contributions to European Spallation Source (Polish In-Kind)

* Phase Reference Line (PRL)’ SRk Vower Targetstation:e_

Linear Accelerator: p HVTI-“ga"s c"t"?“‘:“’:tétlng
* Energy: 2 GeV. W-target (SMW average

* MTCA. 4 based ESS LLRF control system [ il Sl i

‘= Current: 62.5 mA 5

components” (Member of the Polish
Electronic Group)

16 Instruments in
Construction budget

* RF electronics and cabling design, _
installation and tests for the Beam e ‘_ ~ B~ A
D | d g N OStiCS Peak flux ~30-100 brighter

than the ILL

Total cost: 1843 MEUros ,4,5

“Czuba Krzysztof et. al.: Concept of the Phase Reference Line for the European Spallation Source, MIKON 2018, Poznan, Poland ISBN 978-83-949421-0-6, ss. 512-514.
#J. Szewinski et al., “Contribution to the ESS LLRF System by Polish Electronic Group”, IPAC2017, Cpenhagen, Denmark.
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A Brief History

e Officially started in October 2016

* Basic concept by ESS (general requirements) and the Lund University (temp.
control)

* Originally planned a single frequency distribution line with a simple power
splitter at each Tap Point, well ...

e Developed to the final shape after building 18.7m long prototype in a WUT
corridor

 WUT team was the first to start installations in the ESS tunnel in July 2017

* Installation almost* completed in late 2021

* Currently under final tests after other installations finished by ESS

2023.10.24, K. Czuba LLRF Workshop, Gyeongju




ESS RF Phase Synchronization Requirements

704.42MHz (256m, LLRF,BPMs)

561MeV

RF Source, 1
BPM \ 0 0 6 15 26
BSM

\ | A 84 0|

18 H / 42 50 8]

352 MHz 704 MHz
704 MHz 352 MHz

e Both 352 MHz and 704 MHz required along the entire linac (drift reduction)

 Required phase synchronization:

e 0.1° for short term (during 3.5 ms pulse),
« 0.1° for long term between adjacent outputs
« 2.0° for long term (hours to days)
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Main Assumptions for the Phase Reference Line

* Passive distribution along the accelerator tunel (radiation)
* Single 1/5” coaxial rigid line for 352 MHz and 704 MHz

e 58signal taps (3 or 6 way), 294 total outputs

* Frequency selective, configurable tap outputs

* Equal power level at each output (+17 dBm +/- 1 dBm), at both frequencies
— min. +14 dBm for most of devices

 Temperature and internal gas (Nitrogen) pressure control

e All active electronics in the Klystron Gallery hall
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PRL RF Scheme

30 - 40 m distance

Klystron gallery (ground)

Racks with electronic systems

Master
LLRF LLRF LLRF ) Oscillator | | | RF LLRF LLRF
352 MRS Source
BPM |- - - -| BPM BPM o] L BPM BPM |« = = - | BPM
LBM LBM LBM Power | LBM LBM LBM
i Amplifier
352 MHz | 704 MHz
+53 dBm
1
I
ool
StUbS - = = = : = = = om
1
1
1
Ao 718"
Matched N & B Matched
Directional i +50 dBm +50 dBm
Load ggﬁ;;?gf p 352 MHz & 704 MHz 352 MHz & 704 MHz Load
---_”"’ i — k --- e
i 1-5/g" 1-5/8" g
Power
. Splitter
Tap Point
gl b N7_’L"\352&7o4 +15 dBm
"""" s MHz
704 MHz
DBEREDEEIBERED
quadrupole accelerating RF cavity

Linac tunnel (underground)
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Main Line Design

Typical section = 8.52m

\
p—(— ——

|

Segment = 4.135m

Rigid coaxial line . .
9 Directional coupler

Modular design to simplify production and
assembly

Minimized of number of various segment types
Teflon free line supports

Gas tight system

No of 4.135?m No.of  Total no of Total segment
segments in ) length
: sections segments
section [m]
2 37 74 305,990
3 3 9 37,215
4 7 28 115,780
5 2 10 41,350
6 2 12 49,620
51 133 549,955
Irregular c 38 700
segments




Directional Couplers

 Directional coupler with adjustable coupling factor, the same
@ both 352 MHz and 704 MHz

*  Minimized number of coupling factors along the tunnel

Coupling Factors @ 352 MHz and 704 MHz

28 dB
27 dB Design by the Space Forest company
26 dB 25 dB

25dB = = = = === = =T T - - -

24.d8B +50 dBm

23 dB
352 MHz & 704 MH
22 dB z z

21dB
20 dB 1-5/8"
19 dB
18 dB
17 dB

test

16 dB 15 dB ':('7_'“"“”\352&704

15dB . MHz
14d8 T T ==t === == = o =] Section B 352MHz _ x

13dB |4 > < > o e

12.dB SeCtion A B e e _______________ P
11.dB n

10dB +15 dBm

| —

Coupling Factor

+15 dBm

001
003
005
007
009
011
013
015
017
019
021
MO
024
026
028
030
032
034
036
038
040
042
044
046
048
050
052
054
056

Tap Point No 352MHz 704 MHz freg 352MHz 704 MHz freq
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Tap Point

Coaxial directional coupler + PRL Split Box + Junction Boxes (J-Box)
Temperature stabilization (+/- 0.1 °C)
Mechanics for temperature stabilization and mechanical stress relief

W oe

Produced and installed 58 pieces

= B @ »

ol — — —w !
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PRL Split Box for TapPoints

* Passive (RF diplexer + power
splitter) structure allowing for
flexible configuration of
output frequencies for up to 6
outputs

* Produced 60 pieces

zlqcze wejsciowe

plyty PCB

" wieko
~—— korpus

T uszczelka

—— zlgcza wyjéciowe
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Techn@System E

[e]

INPUT
+33 dBm max

| o |

o

\Varsaw University of Technology

PRL Split Box

o =]

Institute of Electronic Systems
wanw. is e.pw.edu.pl

Crafted in Poland [s]
Year 2018

OUTPUTS
R ‘ a b c d e f |
o o o o o o o ©
INPUT
diplexer
352 MHz 352 MHz & 704 MHz 704 MHz

2-way divider

OUTPUTS

4-way divider

LLRF Workshop, Gyeongju

. é OUTPUTS °
RF Split Box configurati,on ‘ a b c d e f
(PCBs) o o ° ° o ° °
AR R

a b [ d € f
RF Split Box-001 | 35L2L:I'I:Hz 35L2L:/'I:Hz 35L2u|:/THz 352 Mtz 70%1?1\“/1I Hz 70I31P1\“/|,l Hz
RF Split Box-002 - 35L2u:/::Hz 35LZB|';| he | 708Nz 708 MHz 70%1'):\':I Hz 70?3 Hz
RF Split Box-003 - 35L2L|:/::Hz 3552p Witz 732?\;|eHz BP':\AAHZ 04 70%1',:\“;I Hz 70?3 Hz
RF Split Box-004 1 152 Mtz X X X 04 e X
RF Split Box-005 141 35L2u:/|FHz X X X 7inl\“/?Hz X
RF Split Box-006 ” 35"2"::HZ X X X 7in,\'\,,/|Hz X
RF Split Box-007 1 352 Mz X X X 704 Mia X
RF Split Box-008 1 252 X X X 700 itz X
RF Split Box-009 a2 35L2u:/||:Hz 35L2L:/'|:Hz 35L2”l:/'|:Hz 35L2u:/’|:Hz 7527\7}42 703')1\')? Hz
RF SplitBox-010 | 35L2u:/'l:Hz 35L2”|:/|FH1 35L2u:/l|:Hz 35L2u|:/IFHz S 701 e
RF Split Box-011 1} 35L2u:/:Hz 35L2L:/IFHZ 35Lzur:/||:Hz 35L2ur:4FHz 708 MHz 7031')1\')? Hz
RF SplitBox-012 | JaMHe I2MH 3SMH 3S2MHE | Toimi 704 M
RF Split Box-013 a2 35L2u:/'I:Hz SSLZL:/'I:HZ 35|.2u'::HZ 35L2u1:/|FHz 7357\;:-& 703')1\';' Hz
RF Split Box-014 42 35L2u:/'l:Hz 35L2L:/|FHZ 35L2ur:/THz 35|.2u::HZ 752 ar\;|e+4z 7031')1\“/1| Hz
RF Split Box-015 | 35L2L:/'I:Hz 35L2u:/|FHz 35L28n':| He  352MHz | 708 MKz X
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PRL Output Power Levels

Required power levels [dBm] Measured power levels [dBm]
Output type Minimum Maximum Minimum Maximum
BPM 352.21 MHz 14.0 25.0 22.7 23.7
BPM 352.21 MHz @PRLTap-046 — 058 10.8 25.0 11.0 16.2
BPM 704.42 MHz 14.0 25.0 17.7 18.4
BPM 704.42 MHz @PRLTap-005 — 008 10.8 25.0 13.0 13.5
BPM 704.42 MHz @PRLTap-004 7.7 25.0 8.8 9.1
LLRF 352.21 MHz 14.0 18.0 15.5 16.2
LLRF 704.42 MHz 14.0 18.0 13.7* 15.0
LBM 352.21 MHz 14.0 25.0 15.7 23.5
* *Power level at 7 outputs 0,3 dBm below specs - Harmonics of all output signals within specs(< -60 dBc):

additional outputs were requested during installation
« worst case: 63.0 dBc

* Noissue, thre is still a safety margin . best case: 69.4 dBc
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Master Oscillator

Timing
Generator

Antenna

N >

( Master Oscillator p

100 MHz Time
704 MHz leps |
88 MHz

L

ry

@ 352 MHz
Ethernet v 704 MHz

N
| EPICE‘_-/ | Fh"' M"m):funsﬁ:ﬁ B ﬁ

Design by Lund University and ESS
Output power +6.3 dBm

RMS litter laboratory test (10 Hz — 1 MHz):

e ~80fs@ 352 MHz
e ~43 fs @ 704 MHz

Final test in accelerator to be performed

Courtesy of A. Svensson, A. J. Johansson
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R&S FSUP 8 Signal Source Analyzer LOCKED
Settings Residual Noise [T1] Spur List
Signal Frequency: 704.420000 MHz Int PHN (10.0 ..1.0 M) -77.5 dBc 36.042 Hz -83.38 dBc
Signal Level: 14.69 dBm Residual PM 10.853 m° 49.990 Hz -79.25 dBc
Cross Corr Mode Harmonic 1 Residual FM W 76.492 Hz -102.20 dBc
Internal Ref Tuned Internal Phase Det RMS Jitter Q0428 y 82.453 Hz -98.60 dBc
Phase Noise [dBc/Hz] Marker 1 [T1]
RF Atten 5 dB 10 Hz
Top -70 dBc/Hz 3 of 3 -88.33 dBc/Hz
Spot Noisé [T1] P
100.000: Hz -103.36 dBc/HZ :
1.000:kHz -128 24 dBc/HZ gg |
10;000 kHz -150.26 dBc/Hz
100.000: kHz -158.80 dBc/Hz i i
1000 MiHz =162 27 dBciHz _'9_0_‘
B 100
2CLRWR
110+
— -120 A 120+
— —l3d --13-0—- EXT
— -140 hw 140
i ) HE .
— —15(? y JiE :'1:5:0_ TH 5dB
— -160 ’ .
: LoopBW 300 Hz
H { P
10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz
Frequency Offset
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PRL Input Section

~40 m of cable in not cter JMASTER
stabilized STUB @ 4— Gosilator
environment — High-power (~200W) broad 352 MHz

. ope . — P
active phase stabilization 4T Amplifer

Developed precise, el v  —— band double amplifier system \:_"

SSZ&MHZ +63 dBm o
704 MHz | 200W Main Line
\ 7/8" /
Matched Matched

Load

Uni-directional +50 dBm +50 dfm

Coupler 352 MHz & 704 MHz 352 MHz & 704 MHz
---- A ———————— -
n-5/8" 1-5/8"
\ Power /
<4— Tap Points
+15 dBm +15 dBm +15 dBm N 7 "('\352&704 +15 dBm +15 dBm

352 MHz
704 MHz

352 MHz 1
& |
704 MHz

A/
Main Line
Bandpass combiner designed and

produced at WUT

Input power splitter by the Space Forest company
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PRL Input Section Drift Compensation

Master Oscillator

* PRL PDC - compensation of phase drift between the MO and PRL line in the tunnel
(long cable, no temperature stabilization)

£l _cpl

Coupler

ut

|
(o}
=

* Laboratory tests: 0.15 deg p-p of phase stability

Coupler

ut

Drift

cmeensation @ \Naiting for possibility of testing in ESS

Actuator
f\'( o
>
[s]
g

AP Actuato
-
\ | Actuator,
2
Ampliﬁerw

o

N

wu

o <
(8]

r

-
Amplifie
o
=
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Combiner

0,05

Phase drift between
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()

o
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= :" > » . v
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Coax cable
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| -
I
I
I
T r—
| Coax cable

Phase drift between
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1
0
2023.10.24. K. Czuba Courtesy of D. Sikora al i T T T o T T i
o Time



Temperature Control System

KLYSTRON GALERY

e Regulation to +/- 0.1 °C, 600 m line + 58 Tap Points!

EPICS

EtherCAT EtherCAT Ether CAT

* Lineis wrapped with a heating tape and a thermal insulation
CONTROL

ROOM

* Industrial temperature controllers — basic selection and general
concept by Lund University (Bjorn Olofsson)

* 202 independent temperature control loops

e Control software running on EPICS servers
e Concept successfully tested in PRL prototype at WUT

* A lot of logistics, tests and quality control needed (over 6000
internal cable connections ...)

2023.10.24, K. Czuba LLRF Workshop, Gyeongju 15



Temperature Control System Components

Simplified scheme of 1 section Temperature Control Box

temperature control

il /
A LRl PN B

aaaaaaaaaa

]
L

é ] IO 0 [} ] 0
mm

202 systems
~26 km of cables

PRL Temperature Control Box - .

&
s
- = pecatvinss
e Ptnd
R o o

o
- o o

s  pRL Temperature Contr°! 2% (1)
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EPICS Implementation

EPICS 10C
e EPID record -> temperature control

* EtherCAT master for
communication

EPICS OPI
e Status of all sensors

e Temperature stabilization loop
status

* Set-point

* Temperature history plot

2023.10.24, K. Czuba

CS-Studio (on nxnode-02.tn.esss.lu.se) - X
File Applications Window Help
fle~|[B~-]8=
Phase Reference Line | PRL TCBs X | Plot PRLRL-002: | Probe | [Edit] Plot O | Plot PRLRL-018: | [Edit] PRL TCBs

100% |~/ @[]~

PRL TCB Overview

[ MEBT ] [ DTL ] [ Spokes I
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001 002 003 o004 005 006 007 o008 009 010 011 012 013 014 015 016 T o1s 0!.9 020 021 022 023 024 025 026 027 028 029 030 0]1 032 033 034 035 036
[ 17

i i i - i I i i
RL RL RL RL RL RL RL RL R
o010 011 012 013 014 015 016 017 o018 019

Om 00 OO OO OO OO O OO0 OO 00O 0O OO0 OO0 OO OO OO0 OO0 o 0o o
' DN DN DN DN DN BN BN DN DE DE DD DN DN DN BN DR BN BEE EE B

RL TR

CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL SB CPL
[ High B
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Temperature Control Tests — MBL-090

* Example of one week test ] Mean=25.06"C

i
1254 | i
- all control loops w00] i
simultaneously FARCE I :
s0{ I :
1 1
25 A 1 I
i : :
° Typlcal reSUlt for mOSt 025.;350 25.2375 25.I900 25.§25 25.:.950 25.I975 26.600 26.I025 26.650
sections ~0,015°C p-p B e ESRET====e=es e ESETTEEEEEEEEEE e

Raw temp. value

gzﬁ,oo- == Requirements

i © i i aeee RN - el

* Meets requirements g 2595 N T
£
¥ 25.90
2585 - T T T T T T T e e e e e e
0 100 200 300 400
Time[h]
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Temperature Control Tests — DTL Section

* Example of one week test
- all control loops running

| Mean=25.87°C
)
|
[ a :
simultaneously 220] |
- :
I
|
|
1

TD=0.0128°C

* The worst case ~0,05°C p-

p 25.775 25.800 25.825 25.850 25.875 25.900 25.925 25.950 25.975
Temperature[°C]

25.95 —— Filtered value
* Meets requirements with 7| _~ reauremente
significant margin g | MWM
;
25.80

Time[h]
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Gas Pressure Influence on Phase

Phase at 704MHz [deq]

e Pressure influence on phase for 704MHz at temp. of 30 degC . Measured round trip phase change in the PRL
g O Moasured data points prototype (2x18.7 m)
43 * Temperature Stabilized
e 700 mbar pressure change applied
2r « ~5°p-p phase change for 37.4 m
e Estimated ~0.11 °/mbar for 600 m
Al * Need to stabilize PRL pressure to max 18 mbar.
ol * Assumed 5 mbar for the design
39 -

38 I I I I I I
100 200 300 400 500 600 700 800

Pressure [mbar
[ ] External Cables External Cables
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Gas Pressure Stabilization

* Line filled with Nitrogen to remove humidity
e Required and achieved +/- 1 mbar pressure stability

* Gas bottles and valves allowing to separately stabilize and fill in both
PRL branches

» ESSTunnel
On Gallery wall

Gas bottles shelter Cables tray on Rack MBL-080ROW:CNPW-U-018
Gallery wall on Gallery Erssus Tt

mmmmmmmmmmmmm

[

On Gallery wall
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PRL Drift Performance Test Setup

~128 m

MO
i ‘

ESS - Phase Reference Line

—

TP-23

—

Phs. Det. 1

S

Phs. Shift

<

—

2023.10.24, K. Czuba

e

a

()

54

Phs. Det. 1

SM fiber \ « j

Bidirectional
RF over Fiber
- RFoF

LLRF Workshop, Gyeongju

TP-8

* Phase change
measured between

TP8 and TP32 (123 m
distance

« Maximum possible
distance until now

* Installed temporary
low-drift (but noisy!)
fiber link
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Temperature Stability and Phase Drift @ 704 MHz

PRL Phase drift - TP8 to TP32 (~123m)

1.00 I TS T e e —— reference ]

0.75 4 meas. error
0.50 4

0.25

0.00 - p— T e g S P e

—0.25 A

Phase drift[deg.]

=0.50 A

Duration 60h

=0.75 A

100 A e e

| Temperature change (mid
et | et ML section) 0.01 °C p-p

U 24.98 4

24.97 1

S I Q0O CAR TR AT T Phase drift: 0.12 °p-p

24.95 - -_—

perature[deg.]

24.94 A

Requirement: 2.0 ° p-p

Tunnel temperature

19.74
— 19.72 1
2

5 19.701

2
@ 19.68 -
[

[=%
£ 19.66 - !
@
19.64 - l
19.62 4
X . o0 . .
{ ( A { {
C (&




Installation Summary

System was installed including:

* Hanging fixtures with rollers allowing to accommodate for
thermal system expansion, cable shelves

e Tap Points (58)

 Temperature Control Boxes (19) - 202 temperature control
loops

e Cables (355 connections, 26 km of cables)
* Gas pressure stabilization system

* MO to Tunnel connection including 200 W power amplifiers
and active drift compensation system (PDC)
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Performance Summary

* Power levels within specs

Drift compensation in the link between MO and tunel 0.15 °C p-p (waiting for
opportunity to measure in the tunnel)

Phase drift: 0.12 ° p-p and temperature change of 0.01 °C p-p at 123 m distance
* Extrapolating drift to 600m -> 0,58 ° p-p (required 2 ° p-p)
* Preparing for long-term tests at the entire PRL length including pressure influence

* |nstallation of permanent drift monitoring system in progress

2023.10.24, K. Czuba LLRF Workshop, Gyeongju 25



Thank you for attention!

Thanks to all contributors to the system design and installations!

Adam Abramowicz, Anirban Krishna Bhattacharyya, Jerzy Berlinski, Bo Bernhardsson, tukasz Czuba, Grazyna
Fistek, Luciano Carneiro Guedes, Pawet Jatczak, Morten Jensen, Michat Kalisiak, Mateusz Lipinski, Maria
Mielnik, Krzysztof Oliwa, Bjorn Olofsson, Radostaw Papis, Dominik Sikora, Anders Sunesson, Maciej Urbanski,
Wojciech Wierba, Rihua Zeng, Mateusz Zukocinski, (hope nobody was forgotten...)
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